Purpose: To study the association between weather-related measures and objectively measured trail use across 3 seasons. Background: Weather has been reported as a barrier to outdoor physical activity (PA), but previous studies have explained only a small amount of the variance in PA using weather-related measures. Methods: The dependent variable of this study was trail use measured as mean hourly trail counts by an infrared trail counter located on a greenway. Each trail count represents 1 person breaking the infrared beam of the trail counter. Two sources of weather-related measures were obtained by a site-specific weather station and a public domain weather source. Results: Temperature, relative humidity, and precipitation were significantly correlated with trail counts recorded during daylight hours. More precise hourly weather-related measures explained 42% of the variance in trail counts, regardless of the weather data source with temperature alone explaining 18% of the variance in trail counts. After controlling for all seasonal and weekly factors, every 1°F increase in temperature was associated with an increase of 1.1 trail counts/hr up to 76°F, at which point trail use began to slightly decrease. Conclusion: Weather-related factors have a moderate association with trail use along an urban greenway.
Outdoor "facilities," such as streets and open public space, are accessible to most individuals and are the most frequently used locations for leisure-time physical activity (LTPA). 1 In addition, the most common forms of LTPA, walking and cycling, are commonly performed outdoors. [2] [3] [4] Since individuals are twice as likely to be physically active if outdoor physical activity (PA) is a perceived option, 5 understanding factors responsible for the well-established seasonal variation in outdoor PA may aid public health officials and city-planners in developing user-friendly outdoor "facilities" designed to promote PA.
In efforts to understand what environmental barriers are limiting outdoor PA behaviors, researchers have examined factors within built (streets and sidewalks) and natural environments (trails, greenways, and natural open space). [6] [7] [8] [9] The majority of this research has focused on barriers within the built environment, such as safety, 6, 9, 10 aesthetics, 8, 10, 11 accessibility, 9, 11, 12 and urban design. 10, 13 Newer research in the natural environment has begun to explore the influence of weather-related factors as potential barriers limiting outdoor PA. [14] [15] [16] [17] Weather-related barriers to outdoor PA have been detected several ways. First, researchers have used surveys and focus groups to identify perceived barriers to outdoor PA. From these methodologies, weather variables commonly perceived to limit outdoor PA included temperature, humidity, and precipitation. [6] [7] [8] 18 The second approach to studying weather-related barriers to outdoor PA has focused on seasonal variations in PA. [14] [15] [16] [19] [20] [21] [22] These studies attempted to associate broad measures of seasonal weather (eg, average daily or monthly temperatures) with PA measured across each season. While some studies have found significant associations between seasons and PA, [14] [15] [16] [19] [20] [21] [22] these associations typically explain only small amounts of variance in PA levels. For instance, in one study, total and leisure-time PA were found to be highest in the warmer months of spring and summer and lowest in the months of winter. 15 However, these seasonal effects only explained 6% of the variance in PA levels. These low levels of variance could be the result of using broad (eg, daily or monthly averages) weather-related measures obtained from public domain weather data sources [eg, National Oceanographic and Atmospheric Administration (NOAA)], as opposed to utilizing hourly data obtained from more precise site-specific weather sources (eg, onsite weather station) located near the actual physical locations for PA. To date, only 1 study has used hourly weather-related data in association with objective, direct measures of PA. 23 However, this study was limited to examining potential relationships between PA and weather-related factors (temperature, relative humidity, and air quality) only during the summer months. As a result, only a small amount of the variance in PA (4%) was explained by weather-related factors. 23 The finding of low variation within the weather measures may have resulted from the study's limited duration of 1 season.
Thus, the need remains to more directly study the possible relationships between weather-related measures and PA across multiple seasons. This study expands on past research by directly measuring PA and weather simultaneously on an hourly basis at the same location over several seasons. The purpose of this study was to examine the relationship of trail use, a proxy of outdoor PA, with more precise weather-related measures, accounting for more highs and lows associated with the seasonal effect. In addition, we sought to compare sitespecific weather data versus public-domain weather data to determine which is more appropriate for research in the built environment specific to trail use.
Methods

Trail Use Measurement
Trail use, the dependent variable in this study, which served as a proxy for outdoor physical activity, was measured as trail counts recorded by an infrared trail counter that was strategically placed on a heavily used greenway located in Knoxville, TN. The Third-Creek Greenway is proximally located to a mixed land use area (residential and commercial) approximately 2 miles from the University of Tennessee. The greenway is in a well vegetated area that provides moderately dense tree coverage for most of the greenway. Trees grow within 2 feet of the trail. Trail counts were obtained using the Ivan Technologies infrared trail counter (Ivan Technologies, Canton, CT) that records precise time-stamp counts of PA events (eg, walking, running, cycling) whenever the infrared beam is broken. Trail counts were measured over a continuous 24-hour time period between August 1, 2005 to April 30, 2006, a total of 9 months that spanned late-summer to early spring.
Initially, a speed validation pilot study was performed to ensure that high-speed PA behaviors (eg, cycling) were captured. This study involved 10 passing trials of a mountain bike at 5 mph, 10 mph, and 15 mph. All 30 attempts (100%) were recorded accurately by the trail counter. To further assess the validity of the trail counter, a 2-hour direct observation of PA was completed. The number of directly observed trail counts was compared with the number of trail counts recorded by the infrared trail counter. During the direct observation phase of the validation study, 60 trail counts were observed. Of these, 87% (N = 52) of actual trail counts were captured by the infrared trail counter during both hours. All miscounts occurred when 2 trail users walked, jogged, or cycled past the infrared trail counter side-by-side, therefore, breaking the infrared beam only once. All observed single or single file trail users were captured regardless of the activity being performed (walking, jogging, cycling, etc.).
Bimonthly downloads from the infrared trail counter were completed using the HOBO Shuttle (Onset Computer Corp., Bourne, MA). Data loaded onto the HOBO Shuttle were then offloaded to a laptop computer using BoxCar Pro 4.3 software (Onset Computer Corp., Bourne, MA).
Over the length of this 9-month study, trail counts were summed for each hour of daylight. To operationally define daylight for the purpose of this study, civil twilight hours were obtained from the U.S. Naval Observatory's Astronomical Applications Department. 24 Civil twilight is the time period when the sun is no more than 6 degrees below the horizon at either sunrise or sunset, which still allows normal daily activities to be performed without the use of artificial light sources. 25 For this study, daytime is defined as the time period elapsing between the first and last whole hour in which civil twilight occurs. For example, if civil twilight occurred at 6:47 AM and 5:50 PM, daylight hours for the data collection and all data analysis would be considered those hours between 6 AM to 6 PM. Due to seasonal variations in daylight (eg, more daylight hours in the summer months compared with the winter months), the total number of daytime hours per month varied across the study period.
Weather-Related Measures
Along with trail counts, several corresponding weatherrelated factors were simultaneously measured on an hourly basis from 2 sources. The first source was sitespecific weather-related measures collected from a site-specific weather station located within 10 m of the infrared trail counter. Similar to the infrared trail counter, the site-specific weather station was placed in a well vegetated, shaded area of the greenway. Due to the dense tree coverage and vegetation surrounding the greenway, a rain gauge was installed near the greenway on the roof of a building at the university to avoid any obstructions to rainfall. The second source of weather-related measures, used for comparison with the site-specific measures, were from the public domain obtained from the National Oceanographic and Atmospheric Administration (NOAA). 25 NOAA collects weather information for Knoxville, TN, at a local regional airport, which is approximately 22 km from the trail counter.
Weather-related factors measured in this study, from the on-site and public domain sources, included temperature (°F), relative humidity (%), and precipitation (in). Previous studies have used a combination of temperature, relative humidity, rain, snow, and wind speed as independent variables. 16, 17, 23, 26 For our study, snow and rain were collapsed into 1 variable, precipitation, due to the limited amount of snowfall in Knoxville, TN. Wind speed and direction were considered not to be relevant variables for our study because a moderately dense wooded area surrounds the trail counter and runs the length of the greenway. Any wind flow at our study site would be impeded by the tree coverage. Site-specific measures were collected using the HOBO Micro Station (Onset Computer Corp., Bourne, MA). Connected to the HOBO Micro Station (Onset Computer Corp., Bourne, MA) were temperature/relative humidity and 12-bit temperature smart sensors. 27, 28 The temperature/relative humidity sensor measures humidity from 0 to 100% ± 3%. 28 The 12-bit temperature sensor measures temperature from -40° to 75°C (-40° to 167°F) ± 0.2°C. 27 Both sensors were placed in a HOBO Solar Radiation Shield to protect the sensors from exposure to direct or reflected solar radiation. 29 Lastly, precipitation was collected by a self-emptying HOBO Rain Gauge (Onset Computer Corp., Bourne, MA), which measures precipitation in 0.01-inch units. 30 
Statistics
The research questions for this study were addressed through 3 approaches. First, Spearmen correlations were performed to measure the association between trail counts and weather-related measures. In addition, weatherrelated measures from the site-specific weather station were correlated with public domain weather-related measures from the NOAA database.
Second, because the dependent measure (trail counts) was not normally distributed, Poisson regression models with marginal effects were performed to associate hourly trail counts with all weather-related measures. Temperature was log transformed to more closely meet assumptions of normality. Covariates in this model included time of day, day of the week, and month of the year to more closely examine the relation of trail counts and the weather-related measures. Third, a dependent correlation comparison was used to determine whether there was any difference in the correlations of the sitespecific weather station and the public domain NOAA data to predict trail counts.
Statistical analyses were computed using SPSS 13.0 software (SPSS for Windows 13.0, SPSS, Inc.) and STATA (StataCorp, LP, College Station, TX). Significance was measured at the P < .05 level. Tables 1, 2 , and 3 summarize physical activity (PA) and weather-related measures collected over the course of this study. In general, PA levels (trail counts) were higher during the warmer months of late summer and early fall compared with the colder months of winter (Table 1) . Weekend PA levels were higher compared with weekday PA levels ( Table 2 and Figure 1 ). Table  3 also reveals systematic differences between weatherrelated measures collected from the onsite weather station versus NOAA. On average, temperatures recorded by the onsite weather station were 3°F lower and relative humidity values were 14% higher than values obtained from the NOAA database. Average hourly precipitation was similar between the onsite weather station and data obtained from NOAA. All weather-related factors were significantly correlated with PA (see Table 4 ). Table 4 also shows that corresponding weather-related measures (temperature-SS vs. temperature-NOAA) from the 2 different weather data sources were similar in their correlations with PA. In addition, corresponding weather-related measures from site-specific and public domain weather sources were moderately to highly correlated with each other (Temperature, R = .98, P-value = 0.00; Relative Humidity, R = .85; P-value = 0.00; Precipitation, R = .58, P-value = 0.00). Table 5 and 6 summarize the Poisson regression models with marginal effects generated from trail counts and weather-related data collected over the study period. When only looking at the main effects of temperature, greenway use increases 1.2 trail counts per hour for every 1°F increase in temperature up to 88°F (Table 5) . As temperature increases above 88°F, slight decreases in trail counts are noticed with 18% of the variance in PA explained by temperature. However, after controlling for all covariates related to weather and season, greenway use increases 1.1 trail counts per hour for every 1°F increase in temperature and peaks at 76°F before beginning to decrease slightly as temperature increases beyond this point (Table 6 ). This larger model explains 42% of the variance in trail counts. Temperature, temperaturesquared, relative humidity, and precipitation were all significantly associated with PA. For every hour in which precipitation occurred, there was a decrease of 5.1 trail counts per hour (Table 6 ). Sunday was the highest trail use day (Table 6 ). Compared with April (referent month), November and December were associated with a significant decrease in trail use.
Results
The dependent correlation comparison showed that temperature and relative humidity values from the sitespecific weather station and the public domain (NOAA) weather data source were significantly different in their correlations with trail counts (see Table 7 ). There was no significant difference between precipitation from the 2 weather data sources and their correlations with trail counts (P-value = 0.39).
Discussion
This study is unique from other studies exploring the relationship between trail use, a measure reflecting outdoor PA, and weather-related factors. Although other studies have explored the association of outdoor PA and weather-related factors on an aggregated daily basis, 16, 26 this study was the first to measure the association of objectively measured trail use and weather-related factors at an hourly level across multiple seasons. Temperature alone explained 18% of the variance in trail counts over the study period, which is 2 to 3 times higher than the PA variance explained by weather-related factors reported in other studies. 15, 26 By aggregating hourly data into daily averages, these previous studies may have masked some of the associations between weather-related factors and outdoor PA. Our more detailed model, which included factors related to weather and season, found the amount of variance to increase from 18% to 42%, an increase of 24%. Clearly, temperature alone explained a considerable amount of variance in trail use; however, one should also consider the influence of hour of the day, day of the week, air quality, and month of the year when measuring PA across time and seasons. By not considering the influences of the other weather and seasonal related factors, studies may have underestimated the influence of weather and season on PA. No practical differences were observed between trail counts and their respective association with weatherrelated measures obtained from the site-specific versus public domain weather sources. However, on average, temperature values from the site-specific weather station were approximately 3°F lower than temperature values recorded by NOAA (see Table 3 ). In addition, the average humidity-SS value from the site-specific weather station was 14% (absolute percentage) higher than humidity-NOAA values (see Table 3 ). The dense forest area at the location of the trail counter in our study may have reduced air temperature by shielding surrounding structures from sunlight and subsequently reduced the temperature sensor's exposure to radiant heat sources. Relative humidity is defined as the ratio of the actual vapor pressure to the saturation vapor pressure. The lower temperature at the site-specific weather station would explain the increase in relative humidity at the site-specific weather station given that as temperature goes down, at a constant water vapor pressure (specific humidity), relative humidity will increase because the saturation vapor pressure decreases with the drop in temperature. 31 The differences in the site-specific temperature and relative humidity from the public domain weather data did not affect the association of weather-related measures with trail use in our study. It is our opinion, based on the results of this study, that the presence of a site-specific weather station for research purposes is not necessary. Reliable and valid weather-related data can readily be obtained from public domain (NOAA) weather sources. This conclusion cannot be generalized to other geographic areas with greater topographical variations than East Tennessee. In addition, we acknowledge that the presence of a site-specific weather station is impractical, both methodologically and financially, for studies using accelerometer, pedometer, and/or BRFSS data to measure or estimate PA levels, due to the large sample size and the different locations of each subject. [14] [15] [16] Similar to previous research, this study noted a curvilinear relationship between trail use and temperature. 23, 32 The data indicates that as temperature increases from the cold temperatures of winter to the warmer temperatures of spring and summer, trail counts also increase. After controlling for all monthly and weekly factors, we found that once the temperature reached 76°F, trail counts begins to decrease (Table 6 ). Similarly, Brandon et al 23 observed that PA levels began to decrease at temperatures above 77°F. Togo et al 32 found that PA levels increased over a temperature range of 28°F to 63°F but decreased over the range of 63°F to 84°F. However, their study was limited in that PA levels were being measured in an older population (>70 years of age). 32 This may explain the lower temperature at which PA began to decrease, compared with the current study. Interestingly, in our study, when using a more basic model with only temperature (temp) and temperature-squared (tempsq) as covariates, the peak of the curvilinear line when trail counts began to decrease was 88°F (Table 5) . It appears, then, that other factors also impact trail use. For example, in Knoxville, poor air quality begins to increase as temperature and humidity increase. It is possible that once temperature reaches the mid-70s, individuals also sense poorer air quality, which contributes to their decision to not go outside for PA at that time of the day. Shade may be another factor influencing trail counts. Shade provided by the dense tree cover over much of the greenway may provide a more favorable physical environment by reducing air temperature by lowering radiant heat and by reducing the trail user's exposure to ultraviolet light.
Differences in weekday and weekend trail use levels were observed in this study (Figure 1 ). This observation has been noted by other researchers studying PA and weather. 20, 33 Despite the similar observation, results have varied as to whether weekday or weekend PA is higher. Hamilton et al 20 found PA levels in adults living in the UK to be lowest on Sunday compared with any other day of the week. Similarly, Duncan et al 33 also observed PA levels to be higher during the week compared with the weekend in children (ages 5 to 12) living in Auckland, New Zealand. Both of these studies used pedometers to assess PA, hence PA measures were reflective of the individuals' total PA during the day. In the current study, trail counts were higher on Sunday compared with any other day of the week. Therefore, inferences can only be made about trail use and not an individual's total PA level.
Time of day, in this study, was also found to be related to trail use levels. The vast majority of daylight hours (6 AM to 9 PM) were significantly related to changes in trail counts ( Table 6 ). As seen in Figure 1 , weekday trail use on the greenway began to increase beginning with the 6 AM hour. The increase in trail use associated with 6 AM may be due to the presence of daylight, but may also be reflective of a combination of destination-based travel to work or school and leisuretime physical activity (LTPA) before work or school. At 8 AM during the weekdays, greenway use began to level off and remain steady during working hours (8 AM to 4 PM). Hourly trail counts began to increase again and peak between the hours of 4 PM and 6 PM. The peak in trail use at this time of the day may be due to a greater preference of early evening LTPA after working hours in conjunction with destination-based PA related to returning home from work or school.
Weekend trail use also began increasing during the 6 AM hour. However, weekend trail use was bimodal with peak trail use occurring at 10 AM and 3 PM. This pattern of trail use on the weekend compared with weekdays may be reflective of the lack of occupational time restrictions during the week affording trail users a wider range of time to pursue LTPA. Greenway use was lower or ceased completely after the 9 PM hour regardless of the day of the week. This may be due to the lack of supplemental lighting available on the greenway and the potential safety concerns associated with poor lighting. Safety has commonly been reported as a barrier to outdoor PA. 6, 9, 10 An important consideration to note is the power to detect significance in this study due to the large number of hourly data. For example, temperature-SS and temperature-NOAA correlated with trail counts R = .516 and R = .506, respectively, and R = .98 with each other. However, the dependent correlation comparison showed these correlations to be significantly different from each other because of the large number of data points (N = 2745). Despite the statistically significant difference measured by the dependent correlation comparison, it is our opinion that there is no practical difference in the relationships between trail use and site-specific versus public domain weather data.
Certain limitations should be considered when interpreting the results of this study. Trail use, a proxy of outdoor PA, was measured as trail counts by an infrared trail counter. The mode and intensity of the activity is unable to be recorded when measuring trail use via an infrared trail counter. In addition, trail counts should only be considered an estimate of the number of individuals actually using the greenway or trail. Surveys from the Indiana Trail Survey found that, on average, 90% of trail users enter and exit that trail at the same location. This means that potentially up to 90% of trail users crossed the infrared beam twice in the same day. 3 In addition, trail users are often underestimated due to multiple trail users breaking the beam of the infrared trail counter when passing side-by-side. In this case, the trail counter would only register 1 count although there were multiple trail users. Lindsey et al 26 have proposed a correction equation to control for this error. After applying the correction equation to the trail use data in this study, the corrected trail counts did not change the association of trail use with weather-related measures. The correction equation did, however, increase the mean number of trail counts by 2 counts per hour in this study.
Another limitation in this study is the abbreviated study period (August 1, 2005 to April 30, 2006) . Missing data from March and April were due to technical issues. In early May, the infrared trail counter was stolen. The month of March was excluded from this study due to the limited number of days in which data were collected; however, enough data were collected in April to justify the inclusion of April into the study. Due to the theft of the infrared trail counter, the hotter, more humid days of June and July were not captured in this study. Therefore, this study collected a relatively small number of hours (N = 299) in which the temperature was above 80°F and the humidity was high. The abbreviated study period may also have affected the correlation of precipitation with trail counts. A relatively small number of hours (N = 143) occurred in which there was rain or snow in this study. Over the study period, precipitation was approximately 2.6 inches per month below normal. Therefore, most of the hourly values for precipitation were 0. This would explain the low correlation between precipitation and trail counts observed in this study. However, during hours in which precipitation occurred, trail counts decreased by 5.1 counts per hour (Table 6 ). Trail counts and weatherrelated measures should be measured over a whole year to fully analyze the association of trail use with weatherrelated measures.
Finally, the lack of trail user information (ie, age, race/ethnicity, socioeconomic status, etc.) prevents inferences from being made concerning the effects of weather-related measures on total PA. The measure of PA used in this study, trail use, only captures outdoor PA on a greenway trail. In general, as temperatures decrease, trail counts also decrease. However, a decrease in trail counts does not necessarily reflect a decrease in total PA (indoor and outdoor). Individuals using outdoor "facilities" in warm weather may substitute outdoor PA with indoor PA modalities as temperatures become colder. 34, 35 Without trail user information, definitive conclusions cannot be made regarding the association of weather-related factors on total PA based on the data collected in this study.
Based on our study and the work of others, we feel that researchers exploring differences in PA levels longitudinally or in different geographic locations should consider and control for the effects of weather-related factors on PA levels. For example, Crespo et al 36 suggested that the prevalence of no LTPA estimates from the third National Health and Nutrition Examination Survey (NHANES III) may have been underestimated due to the season in which participants were interviewed. Participants in the northern states had been interviewed during the summer while participants in the southern states were interviewed during winter. 36 Comparing PA data from different seasons of the year may bias information if the effects of weather-related factors are not considered. 19, 36, 37 Researchers should consider and control for the influence of weather when studying health-related variables affected by PA.
Future studies exploring the association of weatherrelated factors on PA levels need to consider assessing these measures at the hourly level. To fully understand the association of weather-related measures on total PA, hourly PA should be measured, both indoor and outdoor, and matched with concurrent weather-related measures. On a population based level, public health officials should consider pathways to increase opportunities for indoor PA during the winter when outdoor PA is decreased or low, due in part to unfavorable weather conditions.
Conclusion
Weather-related factors have a moderate association with trail counts. We found that a more precise hourly analysis of trail counts matched with concurrent weather-related measures was able to more accurately evaluate the association of weather-related factors with trail counts. No practical differences were found between weather-related measures collected from site-specific and public domain weather sources and their associations with PA. Studies assessing PA levels should consider the effect of weather, especially when comparing PA levels of populations in different geographic locations and/or at different times of the year. Future studies are needed to better understand the differences in trail users on weekdays versus weekend days and to evaluate the association of weather-related measures with total PA (ie, indoor and outdoor).
